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Abstract
Most of the so called developing countries are located in tropical and/or sub-tropical regions whilst in contrast, 
most of the developed countries are in the temperate climate zones. It is expected that a huge increase in the 
future global energy consumption will be caused by the demand of the developing countries. Caused by the 
favourable climate conditions in tropical and/or sub-tropical regions the average productivity of biomass is 4 – 5 
times higher than that of biomass grown in the temperate regions. Many of the developing countries today are 
agricultural and agro-industrial countries producing huge amounts of agricultural residues and wastes that can 
be used as source for energy generation. It is estimated that if only all process-based agricultural residues alone 
would be used, they could contribute between 25 % and 40 % of the total primary energy demand in such regions 
[1].  Until now, the huge amount of agricultural waste generated each year in developing countries is a headache 
for farmers, who are obliged to get rid of it. Open field burning and improper disposal are omnipresent in many 
regions and pollute the environment.  Converting such waste into bioenergy such as biogas by using anaerobic 
digestion technologies represents an alternative treatment with a promising potential. Such treatment prevents 
pollution, is producing valuable and climate friendly energy and will contribute to nutrient recovery by using 
the digestate as fertilizer. The paper will introduce some of the most promising agricultural residues in tropical 
and subtropical regions which can be used as substrates or co-substrates for biogas production. Results of a 
research project carried out in Costa Rica will be used as a case study to show the potential of two of the major 
agricultural residues (pineapple and banana residues) as sources for biogas production. The opportunities and 
prospects for the dissemination and implementation of new and more developed technologies to improve the 
efficiency of the technologies will be shown.
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Resumen
La mayoría de los llamados países en desarrollo están 
ubicados en regiones tropicales y/o subtropicales, en 
contraste, la mayoría de los países desarrollados se 
encuentran en zonas de clima templado. Se espera 
que la demanda de los países en desarrollo provoque 
un enorme aumento en el futuro del consumo mundial 
de energía. Debido a las condiciones climáticas 
favorables en las regiones tropicales y/o subtropicales, 
la productividad promedio de la biomasa es de 4 a 5 
veces mayor que la de la biomasa cultivada en las 
regiones templadas. Muchos de los países en desarrollo 
hoy en día son países agrícolas y agroindustriales que 
producen enormes cantidades de residuos agrícolas 
y desechos que pueden utilizarse como fuente para la 
generación de energía. Se estima que si solo se utilizaran 
todos los residuos agrícolas basados  en procesos, 
podrían contribuir entre el 25 % y el 40 % de la demanda 
total de energía primaria en dichas regiones [1]. Hasta 
ahora, la enorme cantidad de desechos agrícolas que 
se generan cada año en los países en desarrollo es un 
dolor de cabeza para los agricultores, quienes están 
obligados a deshacerse de ellos. La quema a campo 
abierto y la eliminación inadecuada están omnipresentes 
en muchas regiones y contaminan el medio ambiente. 
La conversión de estos residuos en bioenergía, como 
el biogás, mediante el uso de tecnologías de digestión 
anaeróbica, representa un tratamiento alternativo con 
un potencial prometedor. Dicho tratamiento previene la 
contaminación, produce energía valiosa y respetuosa 
con el clima y contribuirá a la recuperación de nutrientes 
utilizando el digestato como fertilizante. El documento 
presentará algunos de los residuos agrícolas más 
prometedores en las regiones tropicales y subtropicales 
que se pueden usar como sustratos o co-sustratos para 
la producción de biogás. Los resultados de un proyecto 
de investigación llevado a cabo en Costa Rica se 
utilizarán como estudio de caso para mostrar el potencial 
de dos de los principales residuos agrícolas (residuos 
de piña y banano) como fuentes para la producción de 
biogás. Se mostrarán las oportunidades y perspectivas 
para la difusión e implementación de tecnologías nuevas 
y más desarrolladas para mejorar la eficiencia de 
las tecnologías.
Palabras clave: Residuos agrícolas, bioenergía, biogás, 
desarrollo sostenible.
Introduction
In 2012, the Government of Costa Rica defined a 
challenging goal - Costa Rica wants to be carbon neutral 
by 2021. Converting the countries energy system fully 
to renewable energy sources until 2020 was one of the 
most important objectives of the energy policy and 
economy in Costa Rica since then. Although this goal 
will not be achieved until 2021, the current (in 2018) new 
elected government has stated that all efforts to increase 
the share of renewable energies should be continued 
and strengthened through appropriate instruments 
to promote R&D and the implementation of new and 
innovative technologies in this field. The conditions in 
the country are extremely good for this by the natural 
abundance of the wind, solar, hydro, biomass and 
geothermal energy resources. Within this “renewable 
energy mix” bioenergy has an important role since the 
biomass, as a natural stored solar energy, can be used 
very flexible and contribute to the energy supply security 
in all the energy sectors such as power, heat and the 
mobility sector. Globally, biomass is the most important 
renewable energy (RE) source in use today. RE contribute 
approx. 14 % to the global primary energy consumption 
and biomass remained steadily with share of 10% of the 
total primary energy consumption since 2000 [2], while 
an increase of the total primary energy consumption by 
approx. 30 % was registered. One of the main drivers 
in the climate change policy is the development of 
advanced RE technologies   to generate heat and power 
and substitute fossil fuels in the transportation sector. 
Caused by the favorable climate conditions, in 
combination with a highly agricultural economic structure 
in Costa Rica, the use of biomass as energy source is a 
promising opportunity to support the full transition of the 
country from fossil fuels to renewable energy. 
Agricultural residues as energy source
In many developing countries, the food production is 
much more important than in Europe and competes 
to the production of energy crops [5]. One of the 
advantages of the utilization of agricultural residues as 
an energy source is that they do not compete directly 
to the food (production of food) or feed sectors. Other 
advantages are the reduction of greenhouse gases by the 
substitution of fossil fuels, a possible increase in added 
value (income generation and rural development) in rural 
areas and the reduction of environmental problems (e.g. 
harmful emissions from open-field burning or open-air 
dumping of the biogenious wastes) caused by improper 
disposal of such residues. 
Many agricultural residues can potentially be counted 
as beneficial resources if they are managed sustainably. 
The raw material base is diverse in form of e.g. stalks, 
straw, leaves, roots, husk or seed shells and farm- 
and animal husbandry waste. The properties of these 
biomass sources vary within a wide range. The most 
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significant difference is between those residues that are 
predominantly dry (such as straw) and more suitable for 
thermo-chemical conversion routes (e.g. combustion, 
gasification, pyrolysis) and those that are wet (such 
as animal slurries) and more suitable for biological 
conversion routes (e.g. biogas production) [4]. This paper 
Table 1. Methane (or biogas yields from different tropical substrates *1 adopted from [5] and *2  adopted from [6], *3 adopted from [7], digestion 
experiments OPEFB for 30 days (a) =  untreated  substrate, (b) after pretreatment with NaOH for 60 min.
Cuadro 1. Metano (o rendimientos de biogás de diferentes sustratos tropicales *1 adoptados de [5] y *2 adoptados de [6], *3 adoptados de [7], 
experimentos de digestión OPEFB durante 30 días. (a) = sustrato no tratado, (b) después del pretratamiento con NaOH durante 60 min.
Substrate Organic dry matter in % Methane yield in Nm³/tODM
Banana peel *1 87 - 94 243 – 322
Citrus waste *1 89 - 97 433 – 732
Coriander waste *1 80 - 86 283 – 325
Mango peel *1 89 - 98 370 – 523
Oil palm fibre *1 94 183
EFB *3 79 (a)  - 84 (b) 200(a) – 400 (b)
Onion peels *1 88 400
Pine apple waste *1 93 - 95 355 – 357
Pomegranate *1 87 - 97 312 – 430
Sapote peels *1 96 244
Tomato waste *1 93 - 98 211 – 384
Water hyacinth *1 81 211 – 310
Coffee waste (pulp) *2 380 (biogas yield)
will focus on substrates and technologies which will be 
most suitable for biogas production. An overview about 
methane yields gained from different tropical substrates 
after approx. 28 days of batch digestion experiments 
under mesophilic conditions (adopted from different 
studies) is given in table 1 and shows that especially the 
Figure 1. Exemplary classification of agricultural residues [3].
Figura 1. Ejemplo de clasificación de residuos agrícolas [3].
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methane yields of tropical fruits are comparable with the 
high yield usually produced by using energy crops such 
as maize in Europe [5]. 
Case study for pineapple and banana residues in 
Costa Rica
The government of Cost Rica intends to facilitate a 
comprehensive national plan for the management of solid 
waste through appropriate legislations and regulations 
[9], such as a “law for the integrated management of 
residues” [10]. As recommended by Ben-Haddej et al. 
(2010) [10], for the municipal solid waste, market-based 
instruments (MBIs) such as “eco-labelling”, “pay-as-
you-throw”, and ”deposit-refund”  can contribute to the 
implementation of this law. 
Meanwhile, Costa Rica is very concern about the agro-
waste management in a sustainable way and has set 
rules for the integrated management of residues [9]. 
On the other hand, the achievement in neutral carbon 
emissions from electricity sectors by 2021 can promote 
the efficient use of the residues as a by-product, 
rather than producing wastes for the country. The total 
annual wastes produced from agricultural sectors 
are very considerable. Unsustainable management 
of these wastes will have adverse socio-economic 
and environmental consequences. The successful 
implementation of sustainable use of the fruit wastes 
from banana and pineapple depends on the availability 
of resources and infrastructure, and the multicriteria 
assessment with respect to the related economic, social, 
and environmental consequences.   
According to the INEC national census, 2015, the total 
allocated land use to the permanent crops in Costa Rica 
is around 353,732 hectares, and banana and pineapple 
cultivations account for almost 15 % and 11 % of the 
permanent crop lands [8].
While the pineapples are scattered in the provinces of 
Alajuela, Heredia, Puntarenas, Guancaste and Limon, 
80% of banana is concentrated in Limon. The Spatial 
distribution of all permanent crops and the percentage 
concentration of pineapple and banana cultivations are 
illustrated in figure 2 and table 2.
Digestion experiments with banana residues
The possibility of biogas production from banana residues, 
specifically from rachis and green unripe bananas, was 
tested in small scale stirred tank reactors (CSTR) reactors, 
at mesophilic conditions of 35-38 °C. In addition, the 
effects of co-digestions of these two substrates as well 
as whey from a cheese production process was tested 
by observing the behavior of the FOSTAC meaning the 
Table 2. Distribución de la producción de banano y piña en las provincias de Costa Rica [8].
Cuadro 2. Distribution of the banana and pineapple production in Costa Rica’s provinces [8].
San José (%) Alajuela (%) Cartago (%) Heredia (%) Guanacaste (%) Puntarenas (%) Limón (%)
Banana 2.1 0.3 4.2 10.4 0.1 2.8 80.1
Pineapple 0.2 47.5 0.0 13.1 21.1 21.1 18.2
Table 3. Data used for analysis [8].
Cuadro 3. datos utilizados para el análisis [8].
Table4. Results of the TS-VS Analysis.
Cuadro 4. Resultados de análisis de TS-VS.
Rachis Banana Whey
TS in % 5.9 19.6 6.7
VS in % 74.5 95.4 90.3
Pineapple Banana
Average Cultivation land ha-1 38000 52000
Average fruit yields t ha-1 58 41
Specific waste t ha-1 103 87
Total potential of waste million-t yr-1 3.8 4.5
Collection efficiency factor 0.5 -
Average transportation distance km 20 -
Fuel economy L (tkm)-1 0.021 -
Maximum freight loading capacity t 16 -
Energy for chopping kWh t-1waste 15 -
Biogas plant operations kWh t--1 
waste
8 -
Average biogas rate m3 kgVS 0.04 -
Average VS factor 0.15 -
Average TS factor 0.17 -
Average OLR kgvs m-3 2.13 -
NP contents of digestate kg ha-1 340 -
Moisture contents of delivered 
digestate 
0.35 -
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volatile fatty acids and the total inorganic carbonate 
of different combinations of the substrates. The three 
substrates (rachis, banana and whey) were investigated 
in lab-scale batch experiments at 36 °C to determine 
their maximum biogas production potential. 
Semi-continuous experiments were conducted to 
examine the biomethanation of different mixtures of the 
substrates using different organic loading rates (OLR) 
between 2.0 – 2.5 kgVS/(m³d). The anaerobic digestion 
was carried out in completely CSTR at mesophilic 
conditions (35 – 38 °C). The experiment consisted of five 
individual reactors with a volume of five gallons (18.93 
liter) each. They had the same physical features in order 
to achieve comparable results. The substrates were 
analyzed on their TS- and VS contents (table 4) and on 
their elemental composition (table 5).
The ratio was also used to control the process by 
lowering and rising the OLR in accordance to [11]. The 
reactors were initially filled with 14 liters of sludge from 
a cow and swine manure digester. Then the feeding 
was weekly increased by 0.5 until the desired OLR was 
achieved. From there on, daily measurements of the pH, 
the gas production as well as the gas quality was used 
to keep track of the process development and every four 
days the FOSTAC was measured. The FOSTAC was used 
to increase or decrease the feeding in accordance to the 
findings of [11]. 
For the batch system an extra DM-VS-analysis (table 7) 
of the freshly grinded substrate was conducted. A mix 
sludge from a cow and swine manure digester was used 
as inoculum. , The resulting amount of feed for the batch 
experiments was 495.9 g Rachis, 102.9 g Banana and 
282.2 g Whey, always in combination with 1000 g seeding 
sludge and a VS addition of 17.34 g. In this manner, 
three reference systems with the seeding sludge in use, 
three with seeding sludge and rachis, three with seeding 
sludge and banana as well as three with seeding sludge 
and whey were set up, making a total of 12 digesters.
The following five variations of substrate mixtures 
(percentage based on dry matter in table 6) were tested 
in the semi continuous reactors.
Table 5. Chemical composition.
Cuadro 5. Chemical composition.
Figure 2. Spatial permanent crop distributions in Costa Rica’s 
provinces [8].
Figura 2. Distribución espacial de cultivos permanentes en las 
provincias de Costa Rica [8].
C N P K Ca Mg S Fe Cu Zn Mn B
% ppm
Banana 
*1
39.3 0.73 0.08 1.67 0.03 0.08 0.05 234 6 9 22 9
Rachis 
*1 36.41 1.34 0.19 13.35 0.35 0.16 0.37 806 11 39 46 27
*2
37.5 
(0.88)
1.776 
(0.044)
**
7.272 
(0.56)
0.331 
(0.025)
0.128 
(0.008)
0.209 
(0.009)
** ** ** ** **
ppm
Whey *1 ** 1542 362.2 1542 * 64.41 * * 0.039 * * **
*1 … sample analyzed at EARTH University, *2 … sample analyzed at TU Berlin (experimental standard deviation),
Note: *analyzed but not detected; ** not analyzed.
* 1… muestra analizada en la Universidad EARTH, * 2… muestra analizada en TU Berlin (desviación estándar experimental),
Nota: * analizado pero no detectado; ** no analizado.
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Table 7. DM-VS analysis of substrates used for batch experiments.
Cuadro 7. Análisis DM-VS de sustratos utilizados para experimentos por lotes.
The gas yield from rachis decomposition is calculated 
following equation 1:
     (1)
According to the experiments, rachis and banana are 
suitable substrates for the biogas production. Batch 
experiments resulted in average gas yields of 0.422 m³/
kgVS with 62,69% CH4 for rachis and 0.343 m³/kgVS with 
61,46% CH4 for green unripe bananas. However, they are 
difficult substrates due to their chemical composition 
and morphological characteristics.
The following five variations of substrate mixtures 
(percentage based on dry matter in table 6) were tested 
in the semi continuous reactors.
Batch experiment with rachis
Rachis produced a total average 8948.94 ml of Gas during 
a digestion time of 18 days. After that the production 
dropped drastically and almost died down ton 17th of 
October (the 7th day) but had another small peak of 
312.6 ml. Until the 26 th of October (last day), the control 
reactor fed only with seeding sludge and produced an 
average of 1631.38 ml (Figure 4). Therefore, from the 
rachis decomposition of 7317.56 ml accumulated gas, 
5698.7 5ml (78 %) were already produced within the first 
four days. The CH4 content was on average 62.69 %. 
Table 6. Feed composition based on organic matter.
Cuadro 6. Composición de piensos a base de materia orgánica.
Reactor No. 1 2 3 4 5
Rachis in % 100 66 33 50 50
Banana in % - 33 66 50 25
Whey in % - - - - 25
Substrate Rachis Banana Whey Seeding Sludge
DM in % 4.98 17.92 7.42 5.73
VS in % 70.2 94.08 82.88 60.5
Figure 3. Biogas production from banana in the batch system.
Figura 3. Producción de biogas a partir de banano en el sistema.
Figure 4. Biogas production from whey in the batch system.
Figura 4. Producción de biogas a partir de suero en el sistema.
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Figura 6. Initial System Parameter for semi continuous digestion experiments.
Figure 6. Producción de biogás a partir de suero en el sistema por lotes.
Batch experiment with banana
The digestion time of banana was 16 days. In this time an 
average of 5956.69 ml gas accumulated with an average 
CH4 concentration of 61.46 %. Calculating the gas yield 
(equation 1 above), the YG was 0.343 m³/kgVS (figure 4).
Batch experiment with whey
The course of the digestion of whey was very different 
compared to rachis and banana. The daily gas production 
showed several peaks with low yields interrupted 
by decreased gas productions. In addition, the gas 
production was measured for a total time of 31 days. The 
Figure 6. Biogas production and CH4 concentration, semi continuous 
exp.  of 100% rachis. 
Figura 6. Producción de biogás y concentración de CH4, exp semi-
continua. de 100% de rachis.
Figure 7. Biogas production and CH4 concentration, semi continuous 
exp. of 66 % rachis, 33 % banana.
Figura 7. Producción de biogas y concentración de CH4, exp semi-
continua de 66 % de rachis, 33 % plátano.
Reactor HRT in d
OLR in
kgVS/(m³*d)
mFS in kg*d
mFSRachis in 
kgRachis/d
mFSBanana in
kgBanana/d
mFSWater in
kgWater/d
mFSWhey in
kgWhey/d
1 22 2 0.628 0.628 - - -
2 30 2 0.462 0.414 0.048 - -
3 27 2.5 0.506 0.259 0.12 0.126 -
4 28 2.5 0.483 0.392 0.091 - -
5 25 2.5 0.549 0.361 0.047 - 0.141
Figure 8. Biogas production and CH4 concentration, semi continuous 
exp.  of 100% rachis. 
Figura 8. Producción de biogás y concentración de CH4, exp semi-
continua. de 100% de rachis.
Figure 9. Biogas production and CH4 concentration, semi continuous 
exp. of 50% rachis, 50% banana.
Figura 9. Producción de biogas y concentración de CH4, exp semi-
continua de 50 % de rachis, 50 % plátano.
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Figure 10. Biogas production and CH4 concentration, semi continuous 
exp. of 50 % rachis, 25 % banana, 25 % whey.
Figura 10. Producción de biogás y concentración de CH4, exp semi-
continua de 50 % de rachis, 25 % plátano, 25 % suero.
Figure 11. Ecoefficiency comparison of two waste valorizations in 
Costa Rica.
Figura 11. Comparación de ecoeficiencia de dos valorizaciones de 
residuos en Costa Rica.
Figure 12. Life cycle assessment of waste valorization of banana and pineapple in Costa Rica. (Reproduced from [12]).
Figura 12. Evaluación del ciclo de vida de valorización de residuos de banano y piña en Costa Rica. (Reproducido de [12]).
gas production did not lower exponentially but occurred 
in waves. In total, the average gas production by whey 
was 8000.88 ml, leading to a gas yield of YG=0.461m³/
kgVS and having an average CH4 concentration of 
64.74 % (figure 5).
Semi continuous experiments
The semi continuous digestion experiments were carried 
out in the 5 identical lab scale CSTR reactors described 
previously. The initial values for the experiments resulted 
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from calculations from TS-VS analysis (table 4) and the 
feed compositions (table 6). Reactor 1 and 2 started with 
an OLR of 2 and a HRT of 22 and 30 days, respectively. 
Reactors 3, 4 and 5 started with an OLR of 2.5 and a HRT 
of 27, 28 and 25. The daily amount of feed was 628 g, 462 
g, 506 g, 483 g and 549 g. If the FOSTAC showed signs 
of reactor instability, the feeding was lowered to prevent 
acidification. The initial system parameters are shown in 
table 8 and the results of the experiments are shown in 
figure 7 – 11.
The low amount of dry matter in rachis leads to low 
HRTs in case of a high OLR, but the fibrous structure 
leads to a slow degradation. System one only worked 
stable with an OLR of solemnly 1 and for reactor 2, the 
perfect amount of feed was never established. The gas 
production in both systems added up to about 8 liters 
on average with low methane concentrations of 49 % for 
system 1 and 50 % for system 2. The increase of banana 
in the feed let to a shift in the point of FOSTAC rising to 
later stages in the experiment. This effect can be seen 
very well within reactor 2, 3 and 4. These three reactors 
showed that a percentage of over 50 % bananas or the 
additional use of whey as co-substrate were fitted better 
for a continuously operated system. 
Ecoefficiency of waste valorizations of  
banana and pineapple in Costa Rica
In the study, the ecoefficiency refers to the ratio of the 
energy as a value-added factor to the GHG emissions as 
a cost factor. The higher is the ratio, the more ecoefficient 
is the system. System is the waste valorizations of these 
residues through anaerobic biogas digestions (figure 12). 
Data used for the ecoefficiency analysis is obtained from 
a previous study [12]. The potential wastes and the major 
assumptions and parameters for biogas and fertilizer 
productions are documented in table 3.
Life cycle assessment of waste 
Valorization of banana and pineapple in 
Costa Rica
The use of fruit wastes will produce electricity and 
reduce the energy cost of chemical fertilizers in the field. 
In the life cycle perspective, the overall GHG emission 
reductions and energy savings in fig. 12, indicate that 
the net values of the two indicators are positive for both 
waste fruits. 
Apart from the life-cycle profiles of GHG emissions 
and energy savings in fig. 12, the ecoefficiency which 
is the ratio of value added (energy) to the costs (GHG 
emissions), in Table 9, provides a single score to compare 
easily the two systems above. Under the assumptions 
and considerations in this study, the waste valorization 
of pineapple could be 1.8 times greater than banana’s.
Removing the banana residues for biogas would not 
decrease the nutrient availability as long as the biogas 
digestate are recycled back to the field. However, a 
Figure 13. Life cycle ecoefficiency of using biofertilizers “a” versus 
to not using biofertilizers “b” for the two waste-valorization systems.
Figura 13. Ecoeficiencia del ciclo de vida del uso de biofertilizantes 
“a” versus no utilizar biofertilizantes “b” para los dos sistemas de 
valorización de residuos.
Table 9. Estimates of ecoefficiency for two waste valorizations. 
Cuadro 9. Estimaciones de Ecoeficiencia para dos valorizaciones de 
residuos.
Pineapple Banana
Annual net energy value added 
a- PJ  yr-1
1.29E+02 
c
1.46E+02 d
Annual CO2 emitted a- Mt 
CO2eq yr
-1
2.38E-03 4.77E-03
Total electricity consumption b- 
PJ yr-1
3.42E+03  -
Total GHG emissions b-Mt CO2 
yr-1
7.80E+00 - 
Normalized energy 3.76E-02 4.27E-02
Normalized CO2 3.05E-04 6.11E-04
Ecoefficiency performance of 
waste valorizations
1.23E+02 6.99E+01
a In case of waste valorizations of pineapple and banana.
b Values used for normalizing.
c  Around 47 % attributes to biogas, and the rest to biofertilizers.
d Around 83 % attributes to biogas, and the rest to biofertilizers.
a en caso de valorización de residuos de piña y plátano.
b valores utilizados para normalizar.
c alrededor de 47 % atributos al biogas, y el resto a biofertilizantes.
d alrededor de 83 % atributos al biogas, y el resto a biofertilizantes.
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significant credit assigned to pineapple in terms of the 
analyzed ecoefficiency is due to the inherent energy 
savings from the displaced chemical fertilizers. 
Impact of biofertilizers on estimated 
ecoefficiency
The study has considered the digestate as a value 
added product rather than a waste. The contribution of 
digestate to the energy value added is shown in Table 
9. However, ignoring the credit of biofertilizers would 
increase the cost of life cycle GHG emissions because 
of the increased chemical fertilizer inputs for the banana 
to compensate for the nutrient deficiency of the removed 
residues from the field. Therefore, a scenario is created 
to show the magnitude of the variation in the estimated 
ecoefficiency as shown in fig. 13. It should be noted that 
contrary to the pineapple residues which are usually 
piled in the open space, banana residues are left on the 
field for the soil fertilization. 
Clearly, a significant decrease of the ecoefficiency is 
expected when ignoring the value added energy savings 
from biofertilizers. In scenario “b”, the ecoefficiency of 
pineapple would decrease by ~53%, whereas for banana, 
because of the increased costs (i.e. GHG emissions), the 
ecoefficiency would be lower by 74 % compared to the 
base case (scenario “a” in fig. 13).
Conclusions
Technically, around 6 million-t of fruit wastes from banana 
and pineapple production could contribute to not only 
GHG emission reductions, but also to produce energy 
value-added in Costa Rica. The waste-valorization 
through anaerobic biogas would be beneficial in terms of 
the life-cycle ecoefficiency which is the ratio of the life-
cycle value-added energy savings to the GHG emission 
costs. A comparison between the ecoefficiency factors 
of pineapple and banana indicates that pineapple would 
win over banana by a magnitude factor of 1.8. Ignoring 
the value-added of biogas digestate (biofertilizers) would 
significantly decrease the analyzed ecoefficiencies of the 
both systems. The results of this study may be noted by 
the energy developers, waste managers, and farmers, 
and further, contribute to achieving the carbon neutral 
target of Costa Rica in electricity sectors.   
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